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Abstract 

We present a class of four-dimensional models, with a non-supersymmetric spectrum, in which 
the radiative corrections to the Higgs mass are not sensitive, at least at one-loop, to the UV 
completion of the theory. At one loop, Yukawa interactions of the top quark contribute to a 
finite and negative Higgs squared mass which triggers the electroweak symmetry breaking, as 
in softly broken supersymmetric theories, while gauge interactions lead to a logarithmic cutoff 
dependent correction that can remain subdominant. Our construction relies on a hard super- 
symmetry breaking localized in the theory space of deconstruction models and predicts, within 
a renormalizable setup, analogous physics as five- dimensional scenarios of Scherk-Schwarz su- 
persymmetry breaking. The electroweak symmetry breaking can be calculated in terms of the 
deconstruction scale, replication number, top-quark mass and electroweak gauge couplings. For 
witop ~ 170 Gev, the Higgs mass varies from 158 GeV for iV = 2 to 178 GeV for N = 10. 



The weak scale is unlikely to be a fundamental scale of physics. Its calculation in terms 
of more fundamental scales is one of the central problems in particle physics. The problem is 
aggravated by the fact that in the Standard Model (SM) the Higgs field mass parameter gets 
radiative corrections that grow quadratically with the scale A of new physics: m\ ~ A 2 . Thus, 
any attempt to calculate rrih in terms of a more fundamental scale A and to make it stable 
against radiative corrections needs a mechanism of suppression of the quadratic dependence on 
A; the higher the scale A is, the stronger suppression is required. 

An attractive solution to the stability aspect of the hierarchy problem is provided by softly 
broken supersymmetry. Quantum corrections to the weak scale depend quadratically on Msusy 
and only logarithmically on the cutoff scale A: 5 m 2 ~ M| USY In A (therefore A can be taken as 
high as the Planck scale). However, the generation of the weak scale v h <C A is overshadowed by 
the /x-problem, i.e., by the question why the supersymmetric parameter \x is of the order of the 
weak scale. Also, some other aspects of softly broken supersymmetric theories are sufficiently 
troublesome to justify the quest for alternative routes of solving the hierarchy problem. 

An important new element in attempts to solve the hierarchy problem is the idea of large 
(TeV -1 size) extra dimensions |TJ], realized by low scale string theories or at the level of effective 
theories @. One possibility, which does not require supersymmetry, is to consider the Higgs 
boson to be a component of the gauge field propagating in extra dimensions. The Higgs 
potential, by higher-dimensional gauge invariance, does not depend on the cutoff scale and is 
calculable in terms of the compactification scale M c ~ 1/R || . Another possibility (|, ||, § is to 
break supersymmetry via the Scherk-Schwarz mechanism M. The non-local character of this 
mechanism ensures that at least one-loop corrections to the Higgs mass are finite || j8[. In the 
effective theory supersymmetry is broken in a hard-way and it is conceivable that divergences 
re-appear at higher-loop level. However, large extra dimensions and related low value of the 
cutoff scale A change qualitatively the hierarchy problem in the sense that calculating nih in 
terms of R and A does not require as strong suppression of quadratic divergences as for the 
canonical case with A = Mpl. From a phenomenological point of view, with the cutoff scale 
close to the compactification scale, one-loop finiteness of the leading corrections to the Higgs 
potential is sufficient for the cutoff dependence to be very weak. This point of view is taken in 
the model of Ref. The electroweak symmetry breaking (EWSB) is triggered by the top/stop 
loops. Although the gauge interactions contribute to a quadratically divergent result ||, the 
finiteness of the leading corrections still allows to make predictions about the Higgs boson 
mass fllO |. The obvious advantage of this scenario is that the full Higgs potential and the 



superpartner masses are calculable to a good precision in terms of one dimensionful parameter 
- the compactification radius, and the soft breaking masses are not necessary. 

Recently, a new idea called deconstruction appeared [JTT], [12| which allows to realize the 
physics of extra dimensions in a strictly four-dimensional set-up. Soon after, the 4D analogue 
of the mechanism [0] was constructed [O] where the Higgs boson mass is protected from re- 



ceiving divergent radiative corrections by the pseudo-Goldstone mechanism (see also [13] for 
another deconstruction model of electroweak symmetry breaking and [15] for a deconstruction 
model where the radiative corrections are highly suppressed as a result of the topological nature 
of the supersymmetry breaking). Although the deconstruction models yield no unambiguous 
predictions about the fundamental scale, the low-scale unification |[J| suggests that the funda- 
mental scale could be much lower than the Planck scale. Thus, similarly as in the large extra 
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dimensions models, less suppression of the quadratic divergence is required to alleviate the 
hierarchy problem. In this paper we investigate the four-dimensional analogue of the Scherk- 
Schwarz mechanism and take the model proposed by Barbieri, Hall and Nomura (BHN) || as 
our reference point. We do not aim at constructing a complete and phenomenologically vi- 
able model, which would give the Standard Model as its low-energy approximation. We rather 
aim at analyzing the general situation, when divergences in non-supersymmetric theories are 
considerably softened. 

More precisely, we start with M = 1 supersymmetric models consisting of a chain of N gauge 
groups which communicate to each other through N — 1 bifundamental link-Higgs fields $j fl7| . 



The matter and Higgs fields are also replicated and represented by a set of N chiral superfields 
transforming in fundamental representation of the corresponding gauge group. When the link- 
Higgs fields acquire vacuum expectation values (vev) the mass pattern of the gauge, Higgs and 
matter fields is similar as in the theories with extra dimensions. We are mainly interested in 
the models in which the low-energy spectrum (zero-modes of the mass matrix) shows no sign of 
supersymmetry but still the radiative corrections to the mass parameters are weakly dependent 
on the cutoff scale. 




Hi Hi H2 H2 Hn-i Hn-i Hn Hn 

Qi Qi Q2 Q2 Qn-i Qn-i Qn Qn 



Figure 1: The quiver diagram of the model. Each circle (site) represents an SU(2) M = 1 
Yang-Mills multiplet. Each line pointing outwards a circle represents a chiral multiplet in the 
fundamental representation of the group while a line pointing towards a circle stands for a 
chiral multiplet in the anti-fundamental representation of the group. 



First, recall how the 5D supersymmetric Yang-Mills theories on Si/Z 2 are realized in the 4D 
set-up [fT7| . We write a supersymmetric Lagrangian for a chain of N gauge multiplets (A?, xl) 
(with common gauge coupling g ) and N chiral, link-Higgs multiplets In this paper 

all the gauge groups are SU(2) and the diagonal subgroup is identified with the SM weak 
hypercharge group. The link fields are 2x2 complex matrices transforming in the fundamental 
representation of the i-th and antifundamental of the (i+l)-th gauge group . The orbifolding 
procedure is accounted for by the fact that the first and the last gauge groups are not linked, 
thus the quiver diagram has 'topology' of the line segment (see Fig. p. The product group 
is spontaneously broken by the link-Higgs fields which acquire a common expectation value 
= vl. Diagonalizing the mass matrix, one finds that the spectrum in the large N limit is 
the same as in the 5D super- YM theory compactified on S1/Z2. In particular, the link-Higgs 
degrees of freedom account for completing Af = 1 gauge multiplets up to Af = 2 at every 
massive level. 
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To realize the SM matter and Higgs fields in the bulk we need to deconstruct 5D hypermul- 
tiplets. To this end, to every gauge group we attach a set of chiral multiplets: 'Higgs doublets' 
Hi = (hi, if) Hi) and 'quark doublets' Qi = (qi,ipQi), in the fundamental of the i-th group and 
their mirror partners with opposite quantum numbers Hi = (hi,ipHi), Qi = (<ii,i>Qi) which 
complete the spectrum to M = 2 hypermultiplets. The superpotential is chosen as: 

(N-l N N-l n \ 

y?Hi<S>iHi +1 - mlHiHi + ]T y?Qi<f>iQ i+1 - ]T mjQ z Q t (1) 
i=l i=l i=l i=l J 

To complete the Standard Model quark spectrum we need to add right-handed quark multiplets 
Ui and Di and their mirrors. Since no color or hypercharge group is present in our toy-model 
these fields are singlets. The superpotential is chosen as W = (Y^iLi 1 yfHJUi+i — YliLi m ^i^i) 
and analogously for Di. In order that the hypermultiplet mass towers match that of the 
gauge multiplet one has to fine-tune the parameters of the superpotential yi = go, rrii = gov. 
For hypermultiplets implementing the Si/Z 2 orbifold would consist in removing the mirror 
multiplets Hn, Qn, Un, Aw at the N-th site. In general, one removes those fields at the iV-th 
site which in the 5D picture have negative Z 2 parity. 

In order to get the Yukawa interactions of the Higgs boson with the up-quarks it is sufficient 
to add to the superpotential the Yukawa term which involves only the superfields from the first 
site (we omit in our notations the SU (2) antisymmetric tensor used to build an invariant from 
two fundamental representations): 

W = \Q 1 H 1 U 1 (2) 

In the 5D picture this choice corresponds to brane Yukawa interactions at X5 = 0. In the 4D 
set-up such a choice is stable in the large N limit when M = 2 supersymmetry is recovered. For 
finite N, when supersymmetry is broken, Yukawa interactions at other sites will be generated 
at higher-loop level. At the moment we do not have the Yukawa interactions of the Higgs boson 
with the down-quarks; we comment on this issue at the end of the paper. 

At this point one could proceed towards the phenomenological models in the standard way, 
that is add soft terms to obtain splittings of the multiplets and to trigger the electroweak 
symmetry breaking. In this paper we investigate an alternative road. 

As a first step we investigate loop corrections to the Higgs boson mass from the Yukawa 
couplings. Generically, the dominant contribution to the one-loop Higgs mass is due to Yukawa 
interactions with the top quarks. In SM this contribution is quadratically divergent, while in 
the MSSM the quadratic divergence is canceled by the top squark loops. Here, we analyze 
the set-up where such boson-fermion cancellation occurs when we break supersymmetry in 
a hard way by removing some of the degrees of freedom in a non-supersymmetric way. For 
the discussion of divergences it is irrelevant what is the precise pattern of the breaking; the 
only important thing is that the part of the Lagrangian involving the fields of the first site 
maintains the supersymmetric form. In particular, we assume that all supertraces at the first 
site are vanishing. 

If the link-Higgs vevs are absent it is clear that at one-loop Yukawa interactions do not 
feel the supersymmetry breaking on the other end of the chain. Thus, the one-loop radiative 
correction to the hi squared mass proportional to A are absent. As soon as we switch on the 
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Figure 2: One- loop diagrams involving the top Yukawa coupling and contributing to the squared 
mass of the Higgs boson. 




link-Higgs vevs, the fields living at different sites are allowed to mix and we have to perform 
an orthogonal transformation to diagonalize the mass matrix. Since supersymmetry is broken, 
generically the spectrum is completely non-supersymmetric (boson and fermion masses will be 
different and there can be a different number of bosonic and fermionic degrees of freedom). 
However, the A-proportional corrections to the Higgs mass are still controlled by the first site 
and, as a consequence, they are finite! To see this we need to perform an orthogonal trans- 
formation to express the original fields in terms of the mass eigenstates:[] = °i n?(™) > 
i^Qi = J2 n Wu^Qm ■ The zero m °de Higgs mass receives one-loop radiative corrections propor- 
tional to the Yukawa coupling through the diagrams depicted in Fig. 0, which results in: 



1 12 
l ln\ 



(2vr )4 \^ k 2 - 
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k 2 — m? 2 k 2 — m? 2 , 

(n) (m) 



(3) 



The divergences in this expression are proportional to: 
5m 2 ~ A' 



EW-i'-tEiW) 

n n / 

+ lnA 2 (-E<)l<| 2 - m f(El<| 2 ) 2 + 2 E<)l & ?n| 2 |Cr) (4) 

\ n n m,n / 

The coefficient of the quadratic divergence vanishes by the fact, that a? n , bf n are coefficients 
of the orthogonal transformation diagonalizing the squark and quark squared mass matrices, re- 
spectively. Furthermore, orthogonality identities from the diagonalization of the mass matrices 

also give: J2 n m \n) \ a in\ 2 = { m<l2 )iv Yin m (n) \^in\ 2 = [wPwP^j . This leads to the conclusion 

1 From now, Xi and ipXi will denote respectively the scalar and the chiral fermionic components of the chiral 
superfield Xi. The mass eigenstates will be denoted with parenthesized subscripts: X( m ) and ipx (m) with masses 
TO fm) an< ^ TO (m) • The Lagrangians involving fermions will be written in two component notation. 
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that the Higgs mass gets logarithmically divergent contribution proportional to the supertrace 
in the quark sector at the first site, which we assumed to vanish. Thus, in spite of the fact that 
the theory is non-supersymmetric, the Higgs mass (in fact the same holds for the squarks) gets, 
from the Yukawa interactions, only a finite one-loop correction to its mass. These conclusions 
hold even if the model has a different number of bosonic and fermionic degrees of freedom! 

To illustrate this discussion we present a construction inspired by the five-dimensional of 
the BHN model [f|. Arriving at the spectrum of || involves some tunings of the parameters. 
But we stress that these tunings are by no means important for the cancellation of divergences; 
they serve only to obtain simple mass matrices, so that formulae for the Higgs boson mass can 
be evaluated explicitly. So we tune the parameters in the superpotential ([J) as: 

Vi ' = Vl = vt ' = Vi '' = 9o and = m? = mf = = g v (5) 
We also add $/v link-Higgs, as in Fig. which we need to avoid a massless gaugino mode. 




(h N ,ipH N ) (0, 

{(1N^Q N ) (?iV,0) 



Figure 3: The magnifying glass view of the iV-th site of the model. The fields 4>n, and 
ipQ N have been removed in order to break supersymmetry and induce a mass splitting in the 
low-energy theory. This specific construction mimics the spectrum of the 5D supersymmetric 
model on Sx/Z 2 x Z' 2 . Similarly as in the deconstruction of S\jZ 2 models, the orbifolding 
procedure amounts to removing those fields from the mirror multiplets at the iV-th site which 
in the 5D picture have both Z 2 quantum numbers negative, the ( ) states of [0]. 

In the second step we break supersymmetry by setting (p^, and ipq N to zero in the 
Lagrangian (see Fig. |3|). This is of course hard breaking of supersymmetry, as some the fields at 
the last site lose their superpartners (a similar supersymmetry breaking has also been proposed 
in Ref. fll5||). Moreover, in order for the Higgs mass matrix to have a zero mode we add a soft 
breaking negative squared mass term, — gQ-u 2 |/i7v| 2 -Q Diagonalizing the mass matrices yields a 
spectrum as in Table |l|. At the massless level we have only the gauge field, quarks and the 
Higgs boson. Their lightest superpartners have masses mm ~ g^vj (2iV + l) and include a Dirac 
gaugino, two squarks for every quark and a Dirac Higgsino. The complete mass matrices and 
their eigenvector can be found in [Appendix A|. Within this particular model, we can now get 



a close expression of the finite radiative Yukawa correction. Let us evaluate it. 



2 The last step is not necessary as the radiative corrections will drive the lowest level higgs mass negative, 
even if its tree-level mass is not precisely zero. 
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Table 1: Spectrum of the model after the diagonal symmetry breaking. The bifundamental link 
fields are decomposed into irreducible representations of the diagonal SU(2): = y/2 tr(T a "0$ i ) 
transforms as an adjoint, while M. = tr(^$j)/\/2 transforms as a singlet - similar definitions for the 
bosonic components hold. Note that the singlet bosonic as well as fermionic fields remain massless, 
fortunately they will also remain uncharged under the full SM gauge group. 

The top-quark Yukawa term (Q) in the superpotential leads to the following interactions: 
£ = -A 2 |/ii| 2 (|ui| 2 + |gi| 2 ) + Xg v(hiUiq{ + hiqiu\ + h.c.) - A(hi'0u 1 '0Qi + h- c -) (6) 



The orthogonal transformations into the mass eigenstates are given in [Appendix A| . Plugging 



in the mode decomposition we find the following interactions involving the zero mode Higgs 
doublet h(Q) = H: 

4A 2 + t x /(2n-l)7r\ /(2to-1)tt\ 

n,m=l N / x ' 

4A V^/rr ~t rr ~t , N~ { - 1)ti\ /(2m-l)7r\ 

+ VN(2N + i) n h} mm) + in)U(m) + >m C ° S V^TT" ) cos [-InTT ) 

2A iV ~ 1 n7r m7r 

-77f S (^(»)^(«) +h-c)^ m cos (^) cos (^J 

v n,m=0 



(7) 



The one-loop radiative correction to the Higgs mass can now be computed explicitly and 
after some algebra, we arrive at: 

5m 2 = -X 2 T {gv) 2 F{A,N) (8) 

where F(A, N) is a pure numerical factor given by: 

„ rt f x , n (cosh 2x + 1) (cosh 2x + 2 cosh ANx-1) 

F(A, N) = n N / dxcoshxsinh 3 a:- J± - 9 

y 1 Jo sinh 2 2A^x cosh 2 (2N + l)x KJ 

the cutoff, X, being related to the cutoff scale of the theory by A = 2g v sinh X. The normalized 
coupling, \t = \/N 3 / 2 , is the Yukawa coupling of the zero mode Higgs to the zero mode quarks, 
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i.e., the Yukawa coupling of the effective SM; similarly, g = g^/yN is the zero mode SU(2) 
gauge coupling. Notice that according to our general discussion, F(A, N) is finite when A goes 
to infinity. The Fig. |] illustrates the insensitivity of the Higgs mass to the high energy physics. 



F(A,N) 

.025 
.020 
.015 
.010 
.005 




N=2 



N=3 



N=10 



-1 -.5 







1 1.5 



2 2.5 3 

Log 10 (A / 2g v) 



Figure 4: UV insensitivity of the one-loop Yukawa correction to the Higss mass. We have 
plotted for different replication number, N, the numerical factor that enters in the one-loop 
correction to the Higgs mass as a function of the cutoff scale. We conclude that this factor is 
completely determined by the IR physics. 

Note that in the 4D model, the sums over the KK modes are finite and one can freely 
exchange the sum with the integral. Thus, contrary to the 5D models, one does not rely on the 
procedure of KK-regularization, which is sometimes questioned |18| or at least requires a careful 
treatment of the symmetries of the theory [19|. In a sense, the 4D model can be considered a 
regularization of the construction ||, which truncates the KK-tower at a finite value, but still 
preserves the finiteness properties. 

We have shown in general that one-loop corrections in certain non-supersymmetric theories 
can be surprisingly softened. What about two- and higher-loop corrections? The one-loop 
cancellation of quadratic divergences depends crucially on the tree-level equality of the Yukawa 
and 4-scalar couplings of the Higgs field on the first site. However, due to the mass splitting 
between quarks and squarks these couplings are renormalized differently.^ Thus we expect 

3 More precisely, at one-loop the infinite part of renormalization is equal, thus one-loop running of both 
coupling is the same. The difference is in the finite part of the renormalization. 
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quadratic divergences to reappear at the two-loop level. 

We come back to the general analysis of the model defined by the superpotential (p. Ex- 
cept for the top- Yukawa couplings there are other sources of quadratic divergences which are 
proportional to the gauge coupling or to the Yukawa couplings to the link-Higgs. Following 
the discussion of the top- Yukawa contributions we analyze the general conditions to avoid any 
quadratic divergences. The first potential source originates from the couplings of the Higgs field 
to the gauge multiplet (and to itself in the D-term scalar potential) and the relevant coupling 
leading to quadratic divergences are: 

£ = E (flS^^A - \dl (hlT^) 2 + (iV2g hlT a ^ X * + h.cfj (10) 

i ' 

The second source comes from the F-term of the superpotential (]1|) and the dangerous terms 
which yield quadratic divergences are: 

c = - E (f " Wlk-il 3 - y"-\ h\4-A-ih> - (yt^Hi-^A + h.c.)) (ii) 

i 

Here, the situation is qualitatively different than in the case of top- Yukawa contribution, 
as interactions occur at all sites. To avoid quadratic divergences proportional to g we have 
to ensure that at every site the full Higgs multiplet interacts with the full gauge multiplet. In 
particular we need N gauginos. When the link-Higgs fields get vevs, the gauginos get Dirac 
masses through bilinear coupling to the N — 1 link-Higgsinos (the iV-th link-Higgsino does not 
couple to gauginos as the iV-th link-Higgs is absent). To avoid massless gauginos we need to 
add supersymmetry breaking terms. This can be done either in a soft way — by adding the 
Majorana mass terms for gauginos or in a hard way - coupling gauginos and link-Higgsinos via 
Dirac mass term. In our specific model we chose to add the Dirac mass i\^2g v Xn tr(T a -?/><j >N ), 
where T a are the normalized hermitian generators of the fundamental representation of SU(2). 
This gives us, in the large N limit, the same mass spectrum of gauginos as in ||. 

Similarly, for quadratic divergences proportional to yi to be absent, we need full link and 
mirror multiplets to be present at the i-th site. Note that, since y^ = 0, adding or removing 
links-Higgs and mirror degrees of freedom at the iV-th site has no consequence for the divergence 
of the Higgs mass. We used this fact in our model and placed the hard supersymmetry breaking 
sector at the iV-th site. 

In our specific model these interaction are all proportional to the gauge coupling (as we 
tuned the link- Yukawa couplings with the gauge coupling). The diagrams that contribute to 
the one-loop zero mode Higgs mass are depicted in Fig [5[ They give: 

5 m2 = -g*v 2 G(A,N) (12) 

where g is the zero mode SU(2) gauge coupling and v is the deconstruction scale. The numerical 
factor G(A, N) is given in terms of a complicated integral: 

N rA/(2g v) / '7 N ^ ? N-l ^ g j 



AT pA/^gov) i 7 " I 7 

K J 7T Vn 2 ^ ~2 , HiT1 2 (2n-l)^ 2 ^ 



y 2 ^ x 2 + sin 2 (2n-l)n 2 ^ X 2 + sin 2 2 X 2 

u \ n =l ^ ' 0111 47V+2 n=l 2N 

, . N 2 (2n-lW - . N 2 2 (2n-l)ir 2 (2m- 1W 

14 ^ cos^ \ N+ ' 2 24 ^ % cos cos z * 



h f9/V-H^2 / •> , „;„2 (2n-lW\/ , , ™2 (2m-l)7r x j^ L6 > 



2N+1^ X 2 + sin 2 (2N + 1)2 ^ {X 2 + sin 2 (^ )(X 2 + gin 2 fig^ 
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Figure 5: One-loop diagrams involving gauge interactions and contributing to the squared mass 
of the Higgs boson. 



As it can be checked explicitly and following our general discussion, this integral is free of 
quadratic divergence. However, it exhibits a logarithmic divergence in the cutoff scale: 

w^A J VTv., 1 (A) 2 (14) 

The cutoff dependence is similar as in the softly broken supersymmetry, but the Msusy scale is 
replaced here by the deconstruction scale v. If v is close to the weak scale (which is the case 
as long as N is not too large) then the one-loop sensitivity to the cutoff is weak. 

The previous evaluation of the Yukawa and gauge radiative corrections to the zero mode 
Higgs mass suggests that they will trigger the electroweak symmetry breaking. To study in full 
details this breaking, we need now to compute the one-loop effective potential given by: 

y - 1 Tr f d ^ ln k E + m lM ( ) 

K "2 ir J (2^ ln k% + m}(v H ) (15) 

where m b and rrif are respectively the bosonic and fermionic mass matrices as functions of the 
vev of the Higgs field, v We consider only the top-multiplet contribution and the dependence 
on the Higgs vev is coming from the Yukawa interactions localized on the first site only. 

For the stop sector, in the basis (it( m ) r, «(„) l) and (u( m )L, W(n)jz) 3 we obtain the following 
2N x 2N squared mass matrix (m, n,p,q — 1 . . . N): 



m fm) S mp + a b c(m) c(p) b b m {m) c(m)c(q) x 

1 (1G) 

b b m {p) c(m)c(p) ™x n ) S nq 



where we have defined: c{m) = cos ^ 2 ™ N j^ , and the two coefficients a b and b b are related to the 
Yukawa coupling as: 

a b = 7TT7 an d O b = = 17 

{2N + 1)N (2N + l)y/N 



'in this paper, our convention is to define vh as the vev of the complex Higgs field, i.e., vh ~ 174 GeV. 
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Note that squarks mix with mirror squarks once the electroweak symmetry is broken. 

Similarly in the top sector, in the basis (m) , ^u R {n)) and (^a fl (m)> ^v L (n)), the (2N 
1) x [2N — 1) squared mass matrix reads (m,p — . . . N — 1, n, q — 1 . . . N — 1): 



m fm) S mp + aflmVp d{m) d{p) b f r] m m {q) d{m) d(q) 

bf r]p m (m) d(m) d(p) m fn) S nq 

where we have now defined d(m) = cos and the two coefficients a/ and bf are given by: 



(18) 



2X 2 v 2 H 2hjH 

ab = — and bb = ~WW (19) 



We will discuss in a moment the diagonalization of these matrices. But first, we would like 
to show that two important supertraces are independent of the vev of the Higgs. Indeed: 

STr top M 2 = 2(5^<-5^m^]+^^a b -^a / = 2^ V (20) 

STr top M 4 = Z\Y.^-Y.<A + ^\V a l~^ a2 f 

m m cos — — — - 
4N + 2 

m=l 




A N l2 \ f 2 2 m7r 1 

{ a f + ^ b f) ^ mmC ° S 27V ) 



= Ggy (21) 

This ensures that the one-loop potential for vh has no divergent dependence on the cutoff 
of the theory: the EWSB is triggered by the low energy physics and is not dominated by 
unknown physics that will be revealed at or above the cutoff scale. Adding the tree-level Higgs 
self-coupling originating from the D-terms, we get:f] 

^>^« + T^- m4 KS (22) 

where the supertrace is over the 2N bosonic and 2N — 1 fermionic eigenvalues of the matri- 
ces (PD-©. 

Let us now turn to the determination of the spectrum. Using the general formula ( |B.12| ) 
for the determinants, the secular equation of the stop squared mass matrix is given by: 

lfi \2.,2 / N COS 2 {2m - 1)n \ 2 

' p 2 E^tH =° < 23 > 



N(2N+ir \^ m\ m) -p 



5 Oncc the U{\) hypercharge interactions are included along the line discussed later, the gauge coupling, g, 
in the tree level term is replaced by \J g 1 + g' 2 , where g' is the t/(l) gauge coupling. The numerical simulations 
reported at the end of the paper include of course the U(l) interactions. 
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Higgs mass (GeV) 


stop mass (Gev) 


top first KK (Gev) 


v (GeV) 


N = 2 


158 


142 


502 


437 


N = 3 


166 


158 


532 


565 


N = 4 


170 


161 


533 


664 


N = 5 


172 


167 


537 


745 


iV= 10 


178 


164 


517 


1051 



Table 2: Spectrum of the model after the EWSB for different values of the replication number, N. 

which, using some remarkable identities, can be rewritten as a polynomial equation of degree 
2N: 

RT N (l-x 2 ) = rxRU N _ 1 (l-x 2 ) (24) 

where x is the dimensionless eigenvalue x — pj (2g v), r = XtVhN/ (gov) characterizes the Higgs 
vev in units of gov, and RT^ and RUn-i are the reduced Chebyshev polynomials: 

RT N (X) = TiN+ii^fX) and RUn _ i[x) = Uin-iUX) (25) 
vl v X 



Similarly, the fermionic secular equation is 

\m=0 O) F / 

and it can be written in the form of a polynomial equation of degree 2N — 1: 

RT N ^(l-x 2 ) = r- 1 x RU N ^(1 - x 2 ) (27) 

All the pieces are now set to numerically evaluate the potential V(vh) and find its minimum. 
The results are plotted in Fig. |6| for different values of the replication number N. The Higgs 
mass after EWSB becomes a function of low energy parameters only: the top Yukawa coupling, 
the Higgs vev, the electroweak gauge coupling and the replication number. The deconstruction 
scale, v is indeed fixed in terms of the low energy parameters once the Higgs vev is fitted to 
its phenomenological value. Note that the relation between the top mass and the top Yukawa 
coupling is modified compare to the Standard Model since, here, the top mass corresponds 



to the lowest eigenvalue of the fermionic mass matrix (18). Some numerical results are given 
in Table |2] for the Higss mass, the stop mass, the first KK excitation of the top and the 
deconstruction scale, v. Interestingly enough, after EWSB, the stop is lighter than the top. 

Finally, we comment on how the toy-model presented here can be extended to match the 
Standard Model phenomenology. The obvious missing pieces are: 

• Leptons 

One can replicate the lepton superfields, SU{2) doublets Lj and singlets Ei, and write 
superpotential exactly in the same way as for the quarks. Analogously, one introduces 
Yukawa interactions of the leptons and the Higgs at the first site. 
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0.005 
0.004 




174 GeV 



H 



Figure 6: One-loop effective potential for the Higgs scalar field for different value of the repli- 
cation number N. As in softly broken supersymmetric theories, radiative corrections trigger 
EWSB. The Higgs vev is a function of the top Yukawa coupling, the SM gauge coupling con- 
stants and the deconstruction scale. Fitting this Higgs vev to its phenomenological value, we 
get the prediction for the Higgs mass. The UV insensitivity of the Higgs one-loop effective 
potential ensures that the EWSB is reliably computed in our effective theory. 



SU (3) color group 

In the real world quarks transform in the 3 or 3 representation of the color group. Repli- 
cating 577(3) gauge group so as to obtain only one octet of massless gluon and super- 
partners separated by a mass gap does not bring any complication. One introduces a set 
of link-Higgs superfields Tj transforming as (3i, 3i+i) and the rest of the construction is 
analogous to the SU(2) case. The problem appears when we want to obtain the KK- 
tower for the quark doublets; the gauge invariant superpotential must now have the form 
W = goJ2(.lQi®i^iQi+i — vQiQi) and leads to non-renormalizable interactions. A more 
satisfactory alternative which allows to maintain renormalizability is not to replicate the 
color gauge group and assume that all quark superfields Qi, Ui and are charged under 
a single £77(3). Then the superpotential for these superfields has the same form as in 
the pure £77(2) case. Of course, then the model has no extra-dimensional interpretation 
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but this does not change any conclusions about softness of the radiative corrections. It 
is nothing but a deconstructed version of a brane-world scenario where QCD interactions 
are localized on the brane while weak interactions are free to propagate in the bulk. 

U(l) hypercharge group 

Similar problems as in the 577(3) case arise when we replicate the hypercharge group: 
writing an invariant superpotential so as to get the KK-tower of quarks and leptons 
implies non-renormalizable interactions. In addition, one must worry about anomalies, 
which must be compensated, e.g., by deconstructed Wess-Zumino terms [pOfl . Therefore, 
the more plausible alternative is not to replicate the hypercharge group. One avoids 
non-renormalizable interactions and as a byproduct the anomalies automatically cancel. 
Indeed, the fermion spectrum at all sites but the last one is vector-like: every fermion is 
accompanied by the mirror fermion with opposite quantum numbers. At the iV-th site 
the fermion spectrum is the same as in the MSSM. Note that in the 5D model of Ref. [H, 
the issue of the U(l) anomaly is more subtle |], 21, 22 . 



Down-quark masses 

In the supersymmetric models with only one light Higgs doublet there is the well-known 
problem of coupling the neutral Higgs boson to the down quarks, as holomorphicity 
forbids the WQD term in the superpotential. A novel way to circumvent this problem 
was worked out in Ref. ||. It was noted that at the Z' 2 fixed point one can write Yukawa 
interactions between the multiplets of the second supersymmetry, which is not projected 
out at that point. In the models of deconstruction this solution has no direct analogue, 
as the second supersymmetry appears only in the large N — > oo limit. Nevertheless, 
at the iV-th site one can still construct multiplets H' N = (h/ N , ipg ), Q' N = (Qnj'4 ) Qn)i 
D' N = (Jjy, ipD N ) and write the Yukawa interactions as resulting from the superpotential 
term W = X D H' N Q' N D' N : 

£ = — \ 2 D ^ d\j q]\[ Qn d~N + h^ N h,N(ft N dN + (f N h^ N hiyqiy 
X D 9ov{h ] N q ] N d N + h) N d ] N q N + q ] N d ] N ~h N + h.c.) 
-A D (h N ipQ N ipD N + qN^H N ^D N + d N ipH N ipQ N + h.c. ) (2* 



It is easy to check that, similarly as the Yukawa interactions (^) at the first site, the quark 
and squark loops resulting from fl28|) do not produce any divergences in the Higgs mass. 

So far supersymmetry is the best ingredient to protect the Higgs mass from high energy 
physics. Unfortunately, a new sector plugged by unknowns and even some fine-tunings is 
called for to break supersymmetry and to allow for a phenomenologically viable spectrum. 
Recently, Barbieri, Hall and Nomura proposed to circumvent this supersymmetry breaking 
sector; the supersymmetry breaking would rather have a geometrical origin as resulting from a 
compactification on a non-trivial orbifold. We propose a four-dimensional set-up, relying on a 
fully renormalizable theory, that shares similar properties. Electroweak symmetry breaking is 
triggered by radiative corrections protected by some remnants of supersymmetry, yet completely 
broken. The Higgs mass, at one loop, is insensitive to UV physics and can be computed in 
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terms of low energy parameters only. In the past few years, several non supersymmetric four- 
dimensional models have been proposed | 



24|) |25fl in which the one-loop Higgs potential 



is not destabilized by radiative corrections, however higher loop corrections are much more 
dangerous if not vexatious [26]. Localization of supersymmetry breaking in the theory space 



of deconstruction models might be here the key to protect the predictability of the theory at 
higher loops. 
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Appendix A Mass matrices and mode decomposition 

In this appendix we give the explicit formulae for the mass matrices and mode decomposition 
into mass eigenstates in the model considered in the paper. As it does not introduce any 
complication, we can be more general here and consider a chain of SU(K) groups with arbitrary 
K. 

Let us begin with the gauge sector. We consider A" super- Yang-Mills SU(K) multiplets 
(A®, Xi) communicating to each other through A" link-Higgs chiral multiplets (</>j, t/^J trans- 
forming as (Ki,Ki +1 ); in other words links are K x K complex matrices transforming as 
®i Ui&iU} +1 . The scalar (f)^ is removed from the Lagrangian while the A^-th link-Higgsino 
transforms as (Kn, Kn)- The D-term potential has vacua for = i^l. If we take the special 
point on the moduli space where all vevs are equal (and real) Vi = v , then the product gauge 
group is broken down to its diagonal subgroup. The mass term for the gauge bosons are fT2|| : 



7V-1 



^=^oV^(Af-^ +1 ) 2 (A.l) 

i=l 

This mass term is diagonalized by the following orthogonal transformation: 

A i = \/f E ^ COS ( ^^N 7171 ) A{n) (A ' 2) 

n=0 ^ ' 

where i] Q = l/y/2 and otherwise r\ n — 1. The spectrum of gauge boson contains a massless 
mode ^4^(0) corresponding to the unbroken diagonal SU(K) and a tower of gauge bosons v4 M(n ) 
with masses: 

m (n) = 2g Q v sin ^— J n = 1 ... N - 1 (A.3) 
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In the large N limit the gauge boson masses are m.( n ) m ^^2n. This matches the gauge boson 
spectrum of the BHN model upon identification: 



! ^ 9oV1T 
R ~ 2N 



(A.4) 



This differs from the aliphatic case by a factor of one half, which can be easily understood as 
resulting from orbifolding the circle twice. 

The scalar link-Higgs degrees of freedom split into: 

• N — 1 real scalars Gf = iTr[T a ((j)i — <p\)] in adjoint representation of the diagonal group. 
These are massless (in the Landau gauge) Goldstone boson which become the longitudinal 
components of the massive gauge fields. Their counterpart in the 5D models are KK- 
modes of the fifth component of the gauge field. 

• N — 1 real scalars <f>f = Tr[T a ((pi + in adjoint representation of the diagonal group. 
When the link Higgs fields get vev, the D-term potential generates mass terms: 

1 - 

£=2# o v^(0ti-^) 2 r = r N = o (a.5) 

i=i 

The mass matrix is diagonalized by the orthogonal transformation: 

— jv-i , . 



71=1 



The n-th mode 0? s has mass equal to m n , matching at every massive level that of the 
gauge boson. Thus, <f>9. corresponds to an adjoint scalar of 5d Af = 2 gauge multiplets. 

— 1 complex scalars 0| = ^=Tr[0j — v], singlets under the diagonal subgroup. They 
correspond to flat directions of the D-term potential and have no counterpart in the 



5D supersymmetric SU(K) model. One can get rid of them [17 but in these paper we 
kept them in the physical spectrum. However, if we add a product £7(1) hypercharge 
group to our model (this implies that the link Higgs also must also have the U(l) charge 
(l/2i, — l/2i + i)) then the real part of <f>* turns into a tower of massive scalars with masses 
m n ^ (#q being the gauge coupling of the U[l) interactions), while the imaginary part is 
eaten by the massive modes of the U(l) gauge fields. 

We now turn to the fermionic part of the gauge sector. Similarly as for the link-scalars, 
we split the link-Higgsino degrees of freedom into adjoints, if)^, = V^TrlT^^], and singlets, 
■0^ = ^=Tr[\I/0.], with respect to the diagonal group. When the link-Higgs field get vev, the 
adjoints mix with gauginos. In addition, we need to add by hand a mass term ig vip^, N XN- 
The full mass matrix becomes: 

N 

C = ig Q v ]T(^ s - V^_Jx? + h.c (A.7) 
i=i 
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which is diagonalized by: 

v a _ rj~X- N ros ( (2j-l)(2n-l)7r \ a 
— y Af+1/2 l^n=l LUb ^ 2(2iV+l) ^ A( n ) 

^ = y/^TLi ^ (^) (A.8) 

(■0^,0 \ 
( ™a* acquires mass: 
-^x (n) y 

m (w) = 2^sin Q^ + 1) i 7r ^ n — l...N (A.9) 

The singlets ip^. remain massless, as long as links do not have any U(l) charges. Apart of the 
singlets, in the large N limit we recover the mass tower of the BHN model. 

The Higgs sector is represented by the set of chiral multiplets Hi = (hi,ipn l ) in the fun- 
damental representation of the i-th group, and their antifundamental mirrors Hi = (hi,ipfj ). 
These degrees of freedom acquire their masses from the F-term potential. In order to obtain 
the same mass tower as in the gauge sector we choose the superpotential of the form: 

(N-l N \ 

m t H t+1 -J^vH^ (A.10) 
i=i i=i J 

At the A-th site we remove the mirror Higgs and add the scalar mass term AC = g 2 v 2 h 2 N 
(otherwise the Higgs field would not have a zero mode). After the diagonal symmetry breaking 
the scalar mass matrix is: 

N-l N 

^ = -9oV 2 ^2\h i+1 - hi\ 2 - glv 2 ^]^! -hi\ 2 h o = h N = (A. 11) 

i=i i=i 

which is diagonalized by: 

h- = ,f^T N ~\ cos ( W-V n A h< ^ 

^ = ^El-i 1 sm(^)V) (A.12) 

Both Higgs towers have masses rri( n ) but only h has the zero mode. 
The mass matrix of the Higgsini is : 

N 

£ = -Qov^iPhMh^ -fat) + h.c (A.13) 
i=i 

and is diagonalized by: 

oh - I 2 ^ m n ( (2j-l)(2n-l)7r \ , 
VH 3 ~ y 7vTT72 Z^n=l COS ^ 2(2JV+1) ) ^ H (n) 

^ = v/^Eti sin (^) ^ w (A.14) 
16 



1pH M 

The Dirac fermion ^n {n) — I _• /* I acquires mass TO(„). 

As for the quark doublet degrees of freedom, we again start with a set of fundamental 
chiral multiplets Qi = {qi,ipQ t ) and their antifundamental mirrors Qi = (qi,xjjQ.). This time we 
remove the mirror quark ipq N at the N-th site. The squark mass matrix is: 

TV N 

£ = ~9oV 2 ^2 - ^l 2 - 9oV 2 ^2 I*- 1 ~ ^l 2 g/v+i=go = (A.15) 
i=i i=i 

which is diagonalized by: 

a - f^~T N cos ( ^-^ 2n - l )A g, , 

= yJ^YLi ^ (^) ?(n) (A.16) 
Both squark towers have masses TO( n ) and there is no zero mode. The quark mass matrix: 

N 

£ = -g vJ2^Q i &Q i+ i-^Qi)+ h - c ^q n = ( A - 17 ) 

i=i 

is diagonalized by: 

^Qj = \[i Vn cos ( (2j 2 ^ )w " ) V>Q (n) 

^g^V^E^sm^)^ (A.18) 

The Dirac fermion $g (n) = I _^ a ^* J acquires mass m(„) and there is single chiral zero 



mode 



<3(n) 



Appendix B Trigonometric sums and determinant 

We collect in this appendix the results of different trigonometric sums that appear throughout 
the paper. First, the normalizations of the mass eigenstates modes of the different fields follow 
from the identities: 

v^ 1 9 (2i - l)Jfc7r (2j - l)/br A" . , s 

> ^cos V — } - cos w oa / =— Sij i,j = l...N B.l 
^ /fc 2N 2N 2 ' 

k=0 



(2i 


-i; 


ikn (2j 
— cos 


-l)k 




2N 


2N 


sin 


ikn 
N 


. jkn 
8111 AT = 





N-l 

1 k"TT 1 k"TT l\l 

/•./ 1---V 1 (B.2) 

. \ .i 

k=l 

A (2i — l)(2fc — 1)tt (2j — l)(2fc — 1)tt 2N + 1 Ar . . 

> cos - „ „ — — cos — — - ' ) - — '— = 6a i,j = l...N B.3 

AN + 2 AN + 2 A 3 ,J K J 

k=l 

A. i(2k-l)n . j(2k-l)n 2N + 1 . . i Ar 

> sin A— — sin ^— — = 6a i, j = 1 ... AT (B.4) 

fc=i 
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The computation of the numerical loop factor in the Yukawa correction to the Higgs squared 
mass uses the two relations: 

yy c ™ 2 m _ N ™H™ - i)x 

f-" k sinh 2 x + sin 2 |£ sinh 2Nx sinh x 

fc=0 ^" 

y> cos2 W _ 2iV + l sinh2iVx 

^ sinh 2 x + sin 2 2 cosh(2iV + l)x sinh x 1 ' j 

And finally to compute the logarithmic gauge correction to the Higss squared mass, we need 
to know: 

* . 2 (2k - 1)tt 2iV-l 

^ sm W~ (R7) 

k=l 

sm — = (B.8) 



k=l 

N 



9 (2k-l)n 9 - 1)tt 2iV + l , , 

> cos 2 ^— — — sin 2 ^— — '— = — B.9 

^ 4iV + 2 4iV + 2 8 y ' 

k=l 

The computation of the two supertraces (p0|)-(|2~l"|) requires the evaluation of the two sums: 

^ ,h 3JV-4 . . 

V sin 4 — = B.10 

^ 27V 8 K J 

k=i 

* (2fc-l)^6jV-5 

^ 4iV + 2 16 V 7 

fc=i 

We finish this appendix by a formula for the determinant leading to the mass spectrum of 
bosons and fermions after EWSB (m,p = 1 . . . M, n,q = 1 . . . N): 

iV^m P )^mp fm 9p fm Cq 

det ' 



d m g p (m 2 n -p 2 )5. 



nq 



M N / / M f \ / N , 

= n « - » 2 > n« - , 2 ) (i + e ^ ) (i - e ^ 1 1 (B.i2) 

m=l n=l \ \m=l m F / \ n=l n F 
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